Abstraet--Biosorption of Cu 2 + by Sargassum fluitans seaweed biomass protonated by an acidic wash or loaded with Ca -'+ is based on ion exchange. The uptake of Cu 2+ is respectively accompanied by a release of either H + or Ca -'+ into the solution phase. The effects of Ca-, H-and H/Ca-cycles on the performance of a continuous-flow biosorption fixed-bed were established. The Ca-cycle applied to Sargassum biomass in a packed bed led to a high degree of a column utilization but did not allow an effective Cu recovery. The H-cycle permitted 100% Cu recovery but also shortened the sorption column service time. The combined Ca/H-cycle was shown to be inefficient due to the time consuming regeneration of biomass from the H-form to the Ca-form. Biomass pretreatment with 1% (w) solution of CaCI2 and with 0.1 M HCI resulted in the same Cu uptake of 75 mg/g. The Ca-pretreated biomass lost approximately 30% of its Cu capacity with subsequent acidic wash. The equilibrium aspects of Cu removal and recovery in a biosorption column were analyzed through the concept of ion-exchange isotherms. The dynamics of Cu sorption and of biomass regeneration in a fixed-bed column was predicted by numerically solving the equations of a proposed ion-exchange model. 
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INTRODUCTION
Aqueous heavy-metal pollution represents an important environmental issue. Although the removal of toxic heavy metals from industrial waste-waters has been addressed for many years, the effectiveness of the commonly employed treatment of metal-bearing effluents remains limited. Chemical precipitation leads to the production of toxic sludges. Due to the 2328 D. Kratochvil et al. economics of dealing with large volumes of liquids and of solvent losses, solvent extraction is limited to streams containing more than 1 g/l of the targeted heavy metal. Application of the ion-exchange process is rather expensive due to the cost of synthetic ion-exchange resins. Furthermore, the ion-exchange resins are not always selective enough to allow an effective recovery of heavy metals present in the waste.
Biosorption is known as a water purification process whereby toxic heavy metals are sequestered from diluted aqueous solutions, by sorption onto inexpensive biological materials such as non-living freshwater and marine algae, yeast, fungi and bacteria. Recent studies revealed that uptakes of divalent metals including Cu, Zn and Cd by algal biomass (Crist et al., 1994; Schiewer and Volesky, 1995b) and by various species of filamentous fungi (Fourest and Roux, 1994) are accompanied by a release of ionic species from the biosorbents. On-going research into the metal binding by brown algae identified carboxyl groups of alginate and sulfonate groups of sulfated polysaccharides as the two key types of binding sites readily participating in ion-exchange reactions (Fourest and Volesky, 1996) . The similarity between biosorption and ion exchange indicates that biomass can exist in different ionic forms and that, consequently, algal biosorbents involved in a continuous metal removal and recovery can operate on different ionic cycles, such as the H-, Ca-, H/Ca-, Na-cycle, etc. In process applications, the most effective apparatus for cyclic sorption/desorption is a fixed-bed column, as the fixed bed makes the best use of the concentration difference known to be a driving force for heavy-metal uptake. An ionic form of biomass can affect the sorption capacity, the selectivity, the chemical stability and the physical properties of the biosorbent. Furthermore, an ionic cycle influences the degree of a sorption column utilization and the efficiency with which a given heavy metal can be recovered (Helfferich, 1962) . While the metal sorption capacity of some types of fungal biomass including Rhizopus arrhizus and Penicillium chrysogenum was demonstrated to possess a strong dependence on the ionic form of the biomass (Fourest and Roux, 1994) , the biosorbent capacity of the marine alga Sargassumfluitans was almost unaffected by the presence of different light metals such as Ca, Mg, Na and K at relatively low concentrations of the heavy metal in water (Kratochvil et al., 1995) . However, the effect of the biomass ionic form on the metal sorption capacity of S. fluitans has not been studied systematically, i.e. taking into account not only the values of metal-ion uptakes but also the weight losses caused by different pretreatments used to convert the raw biomass into biosorbent material of a desired ionic form. Moreover, due to a relatively high content of alginate in brown seaweed (Chapman, 1980) , the ionic form plays a crucial role in the stabilization of S. fluitans, in that Na + and K + solubilize its constituent alginate whereas H + and Ca 2+ keep the alginate inside the biomass in the form of insoluble alginic acid and crosslinked Ca-alginate, respectively (Thom et al., 1982) .
The objective of the present work was to optimize the biosorption of Cu by S. fluitans in a fixed-bed column. The optimization was mainly concerned with the selection of an ionic cycle for the biomass packed in the column while taking into account the effects of biosorbent pretreatment. Although the process of Cu biosorption in a fixed-bed column is influence by both the sorption equilibrium and the mass transfer, the present column experimental data were interpreted mainly through the concept of ion-exchange equilibrium isotherms calculated from a model originally developed for biosorption by algal biomass (Schiewer and Volesky, 1995b) . The effect of mass transfer was not studied; however, some of the column data were used for fitting a fixed-bed ion-exchange model recently used by Tan and Spinner (Tan and Spinner, 1994) . The literature on modeling of biosorption in a fixed bed is rather scarce, and the few models that were applied (Trujillo et al., 1991; Volesky and Prasetyo, 1994) approached the biosorption process as the adsorption on activated carbon.
The lack of information on biosorption in columns is partly due to the fact that the metal uptake by different biomaterials is still not fully understood and partly because most of the biomasses have to be immobilized, granulated or otherwise processed before their use in a column. The fairly rigid body of the Sargassum seaweed, however, allows the use of the whole algal biomass after only a simple pretreatment consisting of soaking of the biomass in aqueous solutions followed by a wash with water. The purpose of the pretreatment of the raw S.fluitans is to flush out the impurities while converting the algal biomass into the desired ionic form.
MATERIALS AND METHODS

Raw biomass
Biomass of the brown marine alga S. fluitans was collected beach-dried on the Gulf Coast of Florida (USA) in August.
Pretreatment
The following aqueous solutions were selected for the pretreatment of the biomass: 1% (w) CaCI2, 0.1 M HCI, 1 M HCI, 0.05M H2SO4 and 1M H2SO4. The biomass was pretreated in a batch for 3 h at a biomass concentration of 10g/liter, then washed with approximately 1 liter/g of distilled water and finally dried in the oven overnight at 60°C. The dried biomass was weighed the next day and the weight loss was determined. Cu uptake experiments were carried out under controlled pH with biomass samples from each of the pretreatment batches. For the metal uptake experiment, the CaCI_, pretreated biomass was protonated in a solution of 0A M HCI for 3 h before being contacted with the Cu solution. Binary biosorption systems (Cu/H, Cu/Ca/, Ca/H) were also studied with pretreated biomass.
Measurement of equilibrium uptakes
Approximately 0.2 g of biomass was contacted with 50 ml of a metal solution in a 125-ml Erlenmeyer flask as left in a shaker at 125 rpm for 4 h. Samples were taken of the initial metal solution and of the supernatant solution after the equilibration. These samples were analyzed for metal content using atomic absorption spectronomy (AAS, Perkin-Elmer 3100). The metal uptake was determined from the difference of metal concentrations in the initial and final solutions. Equilibration and pH control, mentioned throughout this text, mean that the biomass was kept in contact with a given solution for 4 h and that pH 4.5 was being maintained by additions of 0.1 M NaOH as required.
Preparation and operation of biosorption column
A chromatography column of 2.5 cm internal diameter and 50 cm length (Canlab) was used with an adjustable plunger and two respective heights of the packing equal to 20 and 40 cm. Dry pretreated biomass was packed into the column gradually by 5-cm segments using a plastic piston. The resulting packing density averaged over the segments was 190 g/liter. The dry-packed column was slowly flooded with distilled water.
Solutions of Cu(NO~)~_ in distilled water containing 2-3 mM Cu > were fed to the column from the top and pumped through the fixed bed at a constant superficial velocity of 1.5 cm/min using a peristaltic pump (Cole-Parmer). The flowrate of 7.5 ml/min through the system was indicated by a flowmeter (Dwyers) and adjusted manually by setting the speed of the pump. Samples of the column effluent were collected by a fraction collector (Gilson FC205), and the concentrations of Ca-'* and Cu 2+ in the samples were determined by AAS (Perkin-Elmer 3100). The pH of the column influent and effluent was continuously recorded.
Desorption of Cu from the biomass in the column was carried out by feeding either 0,1 M HCI or 1% (w) aqueous solution of CaCI_~ into the column at the flowrate of 10 ml/min.
To convert the biomass from the H-form to the Ca-form, 1% aqueous solution of CaCI2 was recycled through the column at 7.5 ml/min, A 1.5-liter recycle solution reservoir was stirred and the pH of the content was controlled by additions of NaOH.
THEORETICAL APPROACH
Equilibrium model
Biosorption. Several equilibrium models have been developed recently and applied to the biosorption of Cu by marine algal biomass (Chong and Volesky, 1995; Schiewer and Volesky, 1995b) and to the sorption of Cu onto Na-alginate (Jang et al., 1995a) . The model developed by Schiewer (Schiewer and Volesky, 1995b) It was selected for the present work for the following reasons: (1) the biosorption of Cu and Ca by H-biomass involves an exchange of ions of unequal valence, unlike the cases treated by Chong and Volesky (1995) ; (2) Jang et al. (1995a, b) had to use different models for modeling systems with and without protons, whereas Schiewer's model was shown to apply equally well to both metal-metal and proton-metal binary systems Volesky, 1995b, 1996) ; (3) the model provides explicit formulas for metal uptakes as functions of final concentrations of the species present in the system, even for the case of heterovalent exchange, which makes it especially suitable for use in numerical simulations of dynamic sorption systems; and (4) the contribution of the biomass sulfonate groups to the total binding capacity of the biomass can be considered negligible as compared to the contribution of the carboxyl groups, hence allowing the use of a model which assumes only one type of binding site. The assumption concerning the negligible contribution of the sulfonate groups is based on the fact that sulfated polysaccharides are normally extracted from seaweed under acidic conditions (Percival and McDowell. 1967) which are used during pretreatment and repetitive desorption of metals from metal-laden biomass using HC1. The model equation for the equilibrium uptake of a bivalent metal ion M I present in a binary system with hydrogen protons can be written as follows:
Similarly, for a binary system containing bivalent species M1 and M2, the expressions for uptakes of each of the species can be written as follows:
The constants K,, Km and KM2 in equations (2) and (3) are equilibrium binding constants of protons and metals (Schiewer and Volesky, 1995b) . The constant G in equations (2) and (3) represents the density of binding sites B in the biomass which interact with metals M and protons H according to equation (1). The values of the parameters G, K,, KM, and KM2 can be determined by fitting the model to the experimental data using linearized forms of equations (2) and (3) and a linear regression (Jang el al., 1995b) . Alternatively, non-linear programming methods applied to minimizing an objective function which expresses the deviations of the model from the later. The MWLS method introduces weights which usually reflect the reliability of the given experimental data. The weights (qpp)-2 in equation (4) were chosen so that the objective function FM represented the sum of the squares of the relative deviations between the model and the experimental data:
In binary systems, the minimization is performed with respect to the uptakes of the sorbing species. The value of (7, was determined for S. fluitans independently by Fourest and Volesky (1996) and Schiewer and Volesky (1995b) NaOH. In the present work, the Ct value obtained by Fourest and by Schiewer was verified by performing metal-uptake experiments at a controlled pH. Ion exchange. As is shown later, biosorption of Cu by Ca-biomass and H-biomass can be viewed as a simple ion exchange, hence the classical ion-exchange concept based on exchange equilibrium constants and separation factors (Vermeulen et al., 1973; Shallcross et al., 1988) can be applied to this case. For the ion-exchange reaction bA +a + aB +h = bA +" + aB +~ (5) the equilibrium constant KAB and the separation factor rAB are defined as
for the case of ideal behavior of the exchanging species in both of the phases. As can be seen from equation (6a), the total normality Co of the solution affects the equilibrium of a heterovalent exchange, i.e. when a # b, but it does not affect the equilibrium when the valence of the exchanging species is the same, i.e. a = b. Consequently, the ion-exchange isotherms of a species in a binary heterovalent system vary in shape depending on the total normality of the solution (Selke, 1956) .
Equilibrium relationships. The term "equilibrium sorption isotherm" is commonly used in biosorption to refer to a curve connecting equilibrium metal uptakes plotted against the final concentrations of the metal. Typically, biosorption equilibrium data are obtained under the same pH. However, this is not the case in ion exchange where the sorption isotherm represents data points obtained at a constant normality of the solution. Furthermore, in compliance with the established convention, ion-exchange isotherms for binary systems usually display dimensionless uptakes as function of dimensionless concentrations for the species of interest.
Connection between equilibrium and dynamic sorption in columns. Unlike the biosorption isotherm, the ion-exchange isotherm depicts an equilibrium situation which is relevant to the case of the biosorption of Cu in a fixed-bed adsorber in which the concentration of the species released from the sorbent increases monotonically in the direction of the flow. In fact, the ion-exchange isotherm represents the "equilibrium line" which is, together with the "operating line", sometimes used for assessing design and performance of fixed-bed adsorbers (Michaels, 1952; Liberti and Passino, 1982) . According to the shape of the ion-exchange isotherm, the equilibrium is classified as (a) "favorable" when the isotherm is concave, (b) "linear" when the isotherm is linear or (c) "unfavorable" when the isotherm is convex. It is known that the "favorable isotherm" leads to the development of a self-sharpening exchange zone in the fixed-bed adsorber, whereas the "unfavorable isotherm" gives rise to a broadening dynamic sorption zone (Helfferich, 1962; Coulson and Richardson, 1991) . As an alternative to ion-exchange isotherms, tables of values of separation factors for the compositions existing in an adsorber can be used to represent the equilibrium for the purpose of computer simulation of the fixed bed (Tan and Spinner, 1994) .
Fixed-bed model
Two relatively recent studies of biosorption in fixed-bed columns employed models originally developed for the sorption of a single solute (Volesky and Prasetyo, 1994) and for a multicomponent mixture (Trujillo et al., 1991) on activated carbon. In the case of biosorption of Cu by algal biomass, however, an ion-exchange model rather than a model of activated carbon sorption should be used, since a considerable amount of ions is being released from the biosorbent in exchange for sorbed Cu. The approaches used for modeling ion exchange in fixed beds by Hiester and Vermeulen (1952) for single solute and by Helfferich (1967) and Klein et al. (1967) for multicomponent mixtures are restricted to systems with constant separation factors and/or to infinitely long fixed beds for which the assumption of a local equilibrium is valid. The most universal approach seems to be the one adopted by Tan and Spinner (Tan and Spinner, 1994 ) who numerically solved a mixed system of partial differential, ordinary differential and algebraic equations describing the dynamics of multicomponent ion exchange in a fixed bed. In the present work, the model of Tan and Spinner (1994) has been adopted with the following modifications. First, the application of the model in the present work is restricted to binary systems, i.e. single solute ion exchange, which allows the testing of the approach for the case of biosorption while reducing the number of equations to a minimum. Second, a term is added to the differential molar balance equation, in order to account for axial dispersion of the fluid in the packed bed. Assuming isothermal conditions and constant physical properties for the feed solution, the differential molar balance for a sorbing species M is
The sorption rate equation can be written as
~t assuming a linear driving force for the sorption process and combined film and intraparticle masstransfer resistance. The equilibrium relationship for a metal species represented by equations (2) and (3) can be written schematically for a general counterion, i.e. either proton or metal, as q~ = f(CM, CCNT)
and the electroneutrality equation for binary systems is
Mwra MWCNT TO obtain equations (8)- (11), the original set of equations was transcribed with dimensionless variables using the following transformations of the variables:
Lo and yielding the following dimensionless groups
The initial and boundary conditions pertaining to the situations under question are specified as follows:
The system of equations (8)- (11) was solved numerically by using Galerkin finite-element method (Fletcher, 1984) , combined with the implicit Euler method for time integration. Linear basis functions were used for space discretization of both concentrations C and uptakes q. Two different discretizations dividing the column into 30 and 50 elements, respectively, were used to ensure that the model solution was mesh independent. Both discretizations gave results which were identical to the fourth significant digit.
Fitting the equilibrium model and calculation of ion-exchange isotherms
In this work, equilibrium data sets for Cu/H and Cu/Ca sorption systems, where the first element indicates the sorbing species and the second element specifies the ionic form of the biomass, provided the experimental basis for the fitting of the biosorption model. Using the binary systems data, the model equilibrium constants could be fitted in a step-by-step fashion as follows. First, the concentration of binding 2331 sites C, was determined from the uptake experiments carried out separately with Ca and Cu on H-biomass at controlled pH. In these experiments, the final concentration of the metals was approximately C~c, = 4 mM and Crc. = 50 raM, corresponding to the upper limits of the respective concentration ranges for the two metals shown in Table 3 , The equilibrium conditions reached in these experiments were assumed to be such that (KMCru)°5>> 1 + K.Cm was true in equation (2), yielding qu = 0.5 MwMC,; this assumption was verified by a back-substitution, described later. Second, the constants K. and Kc° were obtained by minimizing the objective function Fcu represented by equation (4), on the data set Cu/H. Third, the constant Kca was determined by minimization of Fca, on the data set Cu/Ca. The computer program MATLAB (Version 4.0) was used for minimization of Fc, and Fc,.
Once the parameters were fitted, the biosorption model was used to calculate ion-exchange isotherms as follows. First, the normality of a binary mixture Co was fixed and the uptake Q, as the concentration of the sorbing species Co, was calculated from equation (2) or (3). Second, a series of liquid-phase compositions was selected in such a way that the dimensionless concentration C/Co of one of the species covers the interval of interest. And finally, a series of dimensionless uptakes corresponding to the series of compositions was calculated using equations (2), (3) and (7).
Fitting and use of the fixed-bed model
The dimensionless groups Sh, Dg and Pc, together with the equilibrium parameters for a given binary system, represent the parameters of the fixed-bed model. However, since the equilibrium parameters can be determined from batch equilibrium studies, the values of Co, v, L0 and pb are usually known and Q can be calculated from equations (2 and 3), the only remaining unknowns in the model are KrM, D= and E. The values of the three unknowns K~, D: and E have to be determined simultaneously by fitting the fixed-bed model to an experimental breakthrough curve.
The value of an overall mass-transfer coefficient for a given species generally depends on the flowrate, the axial dispersion coefficient and the values of the diffusivities of the species in the liquid and solid phases. The diffusion coefficients of Cu 2+ and Ca 2+ in diluted aqueous solutions are 0.714 x 10 _9 and 0.792 x 10 -~ m2/s, respectively, as tabulated by Mills and Lobo (1989) . The diffusivity of Cu in alginate gels measured independently by Jang et al. (1990) and Chen et al. (1993) was determined to lie in the range of 1-1.4 × l0 -9 m2/s. Chen concluded that, for small species such as ions, the values of diffusivities in alginate gels and in water are approximately the same. Consequently, a reasonable assumption can be made that one value of Km can be applied to both Cu and Ca ions sorbing onto Sargassum biomass in a column under the same flowrate. It should be noted, however, that the application of the assumption that Kfco = Kfc, to multi-metal systems may hide masstransfer effects on the breakthrough curves as described by Tan and Spinner (1994) .
RESULTS
Equilibrium biosorption of Cu as an ion-exchange process
To demonstrate the role of ion exchange in the biosorption of Cu by S.fiuitans, and to justify the use of ion-exchange models to treat and interpret the biosorption data, the balance of equivalents of species sorbed onto and released from the biomass during both batch equilibrium and dynamic column experiments was calculated. Figure 1 shows that during the batch equilibrium experiments more than 80% of equivalents of Cu uptaken by the biomass replaced Ca and H in the biomass structure. Fitting of biosorption model. Three experimental data sets were obtained for the three binary systems, C/H, Cu/Ca and Ca/H. The biosorption model represented by equations (1)-(3) was fitted to the experimental data as described earlier. Table 2 lists the values of all the model parameters which had to be determined. The C, value of 2.3 meq/g corresponding to a Cu uptake of 73 mg/g agrees well with the C, value of 2.05 meq/g determined by Schiewer and Volesky (1995b) and the 2.25 meq/g determined by Fourest and Volesky (1996) . Furthermore, assuming that alginate comprises approximately 45% of S. fluitans biomass dry weight (Fourest and Volesky, 1996) , the C, of 2.3 meq/g agrees reasonably well with the value 4.36 meq/g determined by Jang eta/. (1995a) for pure Na-alginate. The data set Ca/H was not used for fitting; therefore, the agreement between model predictions and the data from the Ca/H data set can serve to validate the application of the biosorption model. The consistency of the model can be verified by substituting the value of Kco determined by fitting and the values of qc° and C,c° determined during the metal uptake experiment (C~,~ = 4 m~ and qc, = 73 mg/g) into equation (2) and then calculating C, from the same equation. The C, value of 2.093 meq/g thus obtained is close to the value of 2.3 meq/g and is within the acceptable range of experimental and modeling errors commonly encountered in biosorption (Schiewer and Volesky, 1995a, b) . This result supports the consistency of the model. Heavy metal biosorption in a column 
Dynamic biosorption in the fixed bed
To assess the effect of an ionic form of the biomass on the performance of a biosorption column, three breakthroughs of Cu were measured on the biomass packing with height equal to 20 cm which was (a) protonated, (b) loaded with Ca at pH 2.5 and (c) loaded with Ca at pH 3.5. Cu was stripped from the bed with HCI and the Ca-loading was carried out in between the sorption experiments as described earlier. Figure 8 displays the three breakthrough curves which exhibit a sharpening trend following the increased content of Ca in the packing. To demonstrate the effect of the pretreatment of the biomass on the performance of a fixed bed, another sequential sorption experiment was conducted in a column with the height of the packing L = 40 cm. The first Cu-sorption was performed on CaCI2 pretreated biomass. The second and the third sorptions were performed on H-biomass, i.e. immediately following the desorption of Cu from the column with HC1. The breakthrough curves in Fig. 9 show that the capacity of the column decreased by approximately 30% after the first cycle but remained almost unchanged during the second and the third cycle. Demonstration of the 'sharpening' effect on column breakthrough curves. Column length 20 cm; C(Cu) in feed 2.3 raM; flowrate 7.5 ml/min. Biomass: (A) protonated; (©) loaded with Ca at pH 2.5; ( x ) loaded with Ca at pH 3.5.
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et al. 0.006 rain ~, 80 cm2/min, and 0.72, respectively. Next, the model prediction of the breakthrough of Cu on H-biomass in a 40-cm-long column was generated and compared with the second sorption breakthrough shown in Fig. 9 . The fit for the short bed and the prediction for the long bed are plotted together with the corresponding experimental breakthrough curves in Fig. 10 .
Elution of Cu from fixed bed.
To assess the performance of HCI and CaCI2 as eluents for Cu, two desorption experiments were designed as follows. In the first experiment, the solution of acid was pumped into the column and the samples of the effluent were collected over time. In the second experiment, CaCI: at pH 6 was initially applied to the column to strip Cu from the bed until the concentration of Cu in the column effluent decreased to below 30 rag/liter, then acid was introduced into the column to desorb the rest of the Cu. Figure 11 Bed Volumes Fig. 9 . Loss of sorption column capacity in consecutive sorption/desorption cycles with CaCb-pretreated biomass: (A) 1st cycle Ca-biomass; (©) 2nd cycle H-biomass; (x) 3rd cycle H-biomass; column length 40 cm; C(Cu) in feed 2.8 m~; flowrate 7.5 ml/min. the concentration curve obtained from the experiment in which CaCl: and HCI were applied in a sequence was calculated by integration. The area under the peak corresponding to the elution of Cu by CaC12, i.e. up to 18 bed volumes mark, represents approximately 70% of the total area under the elution curve. Moreover, it can be seen from Fig. 11 that, when HCI is used as an eluent, 100% of Cu is desorbed within a time corresponding to 7 bed volumes.
Ca/H regeneration in fixed bed. This was conducted, as described in the section on Ca-loading, in the 20-era-long column with the pH controller set to maintain pH = 6. Since, under the given conditions, only a small fraction of Ca fed into the column adsorbed on the packing, the concentration of Ca 2+ in the column effluent jumped to Cca~ = 0.95 Ccae(feed) almost instantaneously. Therefore, the evolution of pH in the outlet from the fixed bed rather than a breakthrough of Ca should be used to describe the kinetics of the regeneration process. The experimental pH curve and the model prediction for KrM = 0.006 min-~ are shown in Fig. 12 . Figure regenerant. The regeneration curves plotted in Fig. 13 were calculated as follows. The computer program calculates a spatial profile of dimensionless Ca uptakes across the bed during each time step. As the simulation marches forward in time, some of the uptake profiles are integrated and saved in a datafile together with a corresponding value of dimensionless time. Consequently, each datapoint in Fig. 13 represents one integrated uptake profile plotted against the given time. exchange. The importance of ion exchange in the process of biosorption of heavy metals by algae and by peat moss was stressed by Crist et al. (1993) and by Spinti et aL (1995) , respectively. Since the present work focuses mainly on the use of biomass in a packed-bed column, the remainder of the results are discussed in relation to the operation of a fixed bed, thus providing an overview of studied effects on the performance of a biosorption column.
Analysis of the performance of fixed-bed column in cyclic operation (sorption-desorption/regeneration)
Effect of equilibrium on sorption. The shape of Cu isotherms in Figs 3 and 4 reveal that Cu sorption is more favorable on Ca-biomass than on H-biomass for all solution normalities of interest. As mentioned earlier, a "favorable" isotherm leads to a self-sharpening dynamic exchange zone in a fixed-bed adsorber, as opposed to a broadening zone brought about by an "unfavorable" isotherm. Consequently, the fact that for Co = 6meq/liter the Cu/H isotherm is "unfavorable" over almost the entire concentration range, whereas the Cu/Ca isotherm is "favorable", explains the trend of breakthrough sharpening observed in Fig. 8 . Furthermore, the fact that the character of the Cu/H isotherms changes, in agreement with the ion-exchange equilibrium theory (Vermeulen, et al., 1973) , from "unfavorable" at relatively high C0 to "favorable" at low Co implies that the lower the Cu concentration in the feed to the column, the smaller the breakthrough sharpening effect caused by an increased presence of Ca in the biomass. For example, only minimal sharpening of the breakthrough curves was previously observed for a column feed containing C(Cu) = 1 meq/liter (Kratochvil et al., 1995) . Role of equilibrium in metal recovery. Figure 11 demonstrates clearly that HCI, as compared to CaCI2, desorbs more of the Cu from the column in a shorter period of time. Therefore, HCI is more effective eluent of Cu than CaCI2. The explanation for HCI being a better Cu eluent than CaCI2 lies primarily in the effect of equilibrium on the shape of the trailing edge of an elution peak. In fact, the trailing edge of an elution peak is a mirror image of an eluent breakthrough on a metal-saturated fixed bed. Therefore, the tailing of the elution peak obtained by using CaCI2, displayed in Fig. 11 , is simply a reflection of a broad Ca breakthrough on Cu-biomass which is brought about by the convex, hence unfavorable, Ca/Cu equilibrium isotherm seen in Fig. 6 . Similarly, the steep trailing edge of the elution peak obtained when HCI was used as an eluent is the consequence of the highly "favorable" isotherm of H on Cu-biomass shown in Fig. 7 .
Effect of equilibrium of Ca/H regeneration. As explained earlier, the pH curves in Fig. 12 present a useful insight into the dynamics of the column regeneration process. It can be seen that, after an initial rise of pH from 1 to 2.1 over the first 12 bed volumes, the pH curves tend almost to plateau, yielding an increase of 0.4 pH units over 50 bed volumes. The model prediction seen in Fig. 12 is fairly good, considering the errors associated with the measurements of C(H +) with a pH electrode in the interval of pH 1-3.5. Assuming stoichiometric ion exchange between Ca and H ions, the effluent pH is directly related to the amount of Ca 2+ being taken up by the biosorbent packing and, hence, the very slow increase of pH between pH 2.2 and 3.0 implies that the column is nowhere near a complete saturation with Ca. The computer program allows to calculate the extent of column regeneration as a function of time, as shown in Fig. 13 . By comparing the breakthrough curves in Fig. 8 , it can be seen that the column service time increased by 20 extra bed volumes by performing a complete Ca/H regeneration at pH 3.5 before Cu sorption. However, Fig. 13 demonstrates that within the first 20 bed volumes only 20-32% of the column is regenerated; hence, the conclusion can be drawn that Ca/H regeneration is ineffective and indeed superfluous under the given conditions. In order to explain the effect of the Ca concentration on the regeneration process, it should be recognized that the concentration of Ca in the feed CC~L influences not only the mass transfer but also the equilibrium of the Ca sorption. The increase in CC, L causes the driving force of the mass transfer to increase. However, since CcaL = Co, the increase in CC~L = Co also leads to a more unfavorable Ca sorption isotherm, as shown in Fig. 5 . Thus, any achieved increase in the speed of Ca sorption is counterbalanced by a decrease in affinity of Ca towards H-biomass. Consequently, as can be seen from the regeneration curves shown in Fig. 13 , a four-fold increase of Ca concentration in the fresh regenerant results in a less than two-fold increase of the degree of column regeneration at all times.
Effect ofpretreatment. Results in Table 1 show that biomass pretreated with HC1 and CaCl2 exhibit approximately the same maximum Cu uptake of 74 rag/g, whereas the biomass pretreated with sulfuric acid yields uptakes about 15% lower, i.e. 65 mg/g. The comparison of weight losses and equilibrium uptakes in Table 1 leads to a conclusion that the acidic pretreatment extracts about 50% more matter and 30% more binding sites from the raw Sargassum biomass than does the CaCI2 pretreatment. Furthermore, the last row of Table 1 shows that CaCl2-pretreated biomass washed with acid loses about 30% of its weight while maintaining the Cu uptake almost unchanged at 71 mg/g. Consequently, the sorption capacity of a column packed with CaCI2 pretreated biomass is expected to be lowered by approximately 30%, following an acidic wash, the fact which was observed in Fig. 9 . From practical point of view, the exclusion of an acidic wash from a column operation is rather inconvenient, since the "cleaning" of a bed from metals commonly present in waste streams but different from Cu, namely Fe and AI, may require acidic washing.
Applicability oj~ixed-bed model to biosorption. The relatively good agreement between the theoretical and the experimental breakthrough curves in Fig. 10 , obtained for Cu sorption onto the 20-cm-long packing of H-biomass, reveals that the set of equations (8)- (11) can be used as a suitable mathematical representation for the first biosorption cycle carried out in a fixed-bed column. The discrepancy between the predicted and the experimental breakthroughs of Cu for a 40-cm-long fixed-bed column demonstrates the need for incorporating a biomass aging factor into the fixed-bed ion-exchange model. Unlike synthetic ion-exchange resins, the natural biosorbents usually exhibit leaching of their constituents into the liquid, and this aspect should be accounted for in a mathematical model applied to biosorption. Theoretically, all the parameters of the fixed-bed model, i.e. the concentration of the metal binding sites in the biomass, the equilibrium constants and the dimensionless groups Sh, Pe and D~ are subject to change during a continuous multiple cycle operation of a column. However, not all of these parameters will exhibit the same ability to change over time. Trujillo et al. (1991) had to vary the values of the metal binding capacity and the sorption equilibrium constants for each of the metal components present in the system by an order of magnitude in order to fit the experimental breakthrough curves obtained in five consecutive cycles performed with peat-moss biomass in a column. On the other hand, as observed by other researchers (Yang and Volesky, 1996) , the diffusion coefficients of ions migrating in diluted aqueous solutions, alginate gels and marine algal biomass are approximately constant. This observation suggests that the variation of the values of the overall mass-transfer coefficients of the sorbing species with time could be limited. However, more research is needed to propose a way by which the sorbent aging effects could be incorporated into the fixed-bed model.
Biomass cycles for continuous column operation
According to the results presented in this work, the operation of a biosorption column based on a Ca-cycle would offer the advantage of longer service time for sorption but would not allow the effective recovery of Cu. Moreover, to start the Ca-cycle HCIrather than CaCb-pretreated biomass would be safer to use, since the CaCI2 pretreated biomass is prone to leaching, leading to the loss of the column sorption capacity. Consequently, the protonated biomass would have to be loaded with Ca before its use. Finally, it should be noted that Ca 2+ ions released from the sorbent during the sorption of Cu by Ca-biomass may instigate the formation of gypsum depending on the concentration levels of SO~ and Ca 2+ in the waste-water.
The H-cycle offers the advantage of an efficient Cu recovery, but, on the other hand, the sorption column would not be as saturated with Cu at the point of the breakthrough as would a column operating on the Ca-cycle. However, since the Cu sorption equilibrium isotherm changes from unfavorable to favorable, the difference between the degree of utilization of a column operating on the Ca-and H-cycle decreases with a decreasing normality of the column feed. In practice, a biosorption column would be fed with low normality aqueous waste if biosorption were selected as a polishing treatment applied to the liquid discharge coming from a rougher treatment such as chemical precipitation.
The combined H/Ca-cycle offers longer service time for sorption while providing an excellent Cu recovery. However, the time-consuming process of Ca/H regeneration rules out the use of this cycle unless the biomass in the column could withstand washing with a highly basic solution of CaCI2 whereby the H ÷ released from the biomass would be neutralized with OH-in the solution phase. The pH would have to be adjusted with Ca(OH)2, since the addition of NaOH would cause the leaching of alginate which is considered to be the key Cu-binding component in the marine algal biomass (Fourest and Volesky, 1996) .
